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Silicon (Si) accumulation in plants may reduce yield losses by inducing resistance to both abiotic and biotic stresses. This study aimed to evaluate the Si accumulation by lignocellulosic sorghum (Sorghum bicolor) in a greenhouse experiment, as well as the effect of its application on agricultural traits and on the induction of resistance against anthracnose (Colletotrichum sublineolum) in a field experiment. Sixteen sorghum genotypes were evaluated in a greenhouse for their response to silicate fertilization, receiving either 0 kg ha -1 or 261 kg ha -1 of Si, measuring the Si concentration in the sorghum shoots. Four genotypes that were responsive to Si fertilization were tested in the field, receiving either 0 kg ha -1 or 400 kg ha -1 of Si, being evaluated the Si concentration on the leaves, plant height, lodging percentage, anthracnose disease severity, grain yield and plant fresh and dry matter. The response of sorghum to Si fertilization in the greenhouse varied with the genotype and, of the 16 genotypes evaluated, 12 were responsive, accumulating more Si after the fertilization with this element. All four genotypes tested in the field were responsive, but no effect of Si was observed on grain yield or on sorghum fresh and dry matter production. However, the soil Si application reduced the plant lodging and anthracnose severity ratings in sorghum. grasses with high biomass production, such as Sorghum bicolor (L.) Moench (Cardoso et al. 2013) .
KEYWORDS:
Sorghum, a plant from the Poaceae family with C4 metabolism, is tolerant to drought, effectively reaching the deeper soil layers in search of available water and, for this reason, is cultivated throughout the world, in tropical semi-arid regions (Doggett 1988 , Ramatoulaye et al. 2016 . Sorghum grown for lignocellulosic biomass is a relatively new type of sorghum hybrid produced with longer growing periods for higher biomass yield (Olson et al. 2012 , Gill et al. 2014 .
Because sorghum is considered a good alternative crop, especially in droughty areas, sorghum crops are oftentimes subjected to water deficit stress. Silicon (Si) absorption may be beneficial for plants under water stress (Epstein 1999 , Saud et al. 2014 . Even though Si is not considered essential, from a physiological and metabolic standpoint, for plant growth and development, there is evidence that it plays important roles in defending plants against stresses such as drought, herbivore insects and pathogens. One such pathogen is Colletotrichum sublineolum, the causal agent of anthracnose, which is the most important leaf disease in sorghum (Epstein 1999 , Resende et al. 2009 , Luyckx et al. 2017 , Bakhat et al. 2018 .
Most Poaceae species are considered Si accumulators, including sorghum (Korndörfer & Lepsch 2001) . Silicon accumulation is associated with plant structural features that increase the structural rigidity of tissues and reduce lodging. In addition, Si promotes the formation of more upright leaves, decreasing self-shading, increasing the leaf area (and consequently the photosynthesis efficacy) and plant growth, as well as leading to a higher crop yield (Epstein 1999 , Korndörfer & Lepsch 2001 , Hattori et al. 2005 , Ahmed et al. 2014 , Manivannan & Ahn 2017 .
This study aimed to evaluate the Si accumulation by sorghum in a greenhouse experiment and analyze the effect of Si application to the soil on agricultural traits and on the resistance induction against anthracnose in lignocellulosic sorghum in a field experiment, thus testing the hypothesis that Si accumulation is dependent on sorghum genotype and that Si soil application may improve crop traits and reduce anthracnose severity.
MATERIAL AND METHODS
The response of the sorghum genotypes to the Si fertilization was determined in an experiment carried out in a greenhouse of the Universidade Federal de Uberlândia, in Uberlândia, Minas Gerais state, Brazil, in February 2015. The average maximum temperature within the greenhouse during the experiment was 34.0 ºC, while the average minimum was 19.9 ºC. Sixteen experimental sorghum genotypes, previously selected for green biomass production, were tested.
A Typic Quartzipsamment soil (USA 1999) (81 % of sand, 5 % of silt, 14 % of clay and 3.5 mg dm -3 of Si) was collected and, after amendments to correct the pH, Ca 2+ and Mg 2+ levels (base saturation of 60 %), 6 kg of soil were placed in 5-L pots and sown with four sorghum seeds per pot. Planting and sidedressing fertilizer applications were made according to Santos et al. (2014a) . Thinning was done at five days after the seedling emergence, leaving one seedling per pot.
In this experiment, 16 sorghum genotypes (LE284, LE296, LE280, LE277, LE272, IPA46742, CF15, LE294, LE299, LE300, LE270, LE263, LE268, LE276, LE271 and LE303) were grown in pots, as previously described, and fertilized (or not) with Si, with three replicates for each genotype/ fertilization status, in a completely randomized design. Silicon was provided as liquid potassium silicate (Fertisilício ® ), containing 12 % of total Si and 12 % of K 2 O, with a density of 1.39 g cm -3 . To avoid a potassium over-dose, the fertilizer was diluted in distilled water, to extract the potassium in a cation exchange resin. The resulting solution, containing only silicon (0.0072 % of Si), was used for daily manual watering of the treatments, for 30 days, resulting in a total of 4.5 L of solution, corresponding to 261 kg ha -1 of Si. Seedlings were cut at the root collar, at 30 days after the emergence, to harvest the shoots. This development stage was selected because, according to Magalhães et al. (2000) , the differentiation from the vegetative growth (leaves) to the reproductive one (panicle) occurs at about this stage in sorghum plants, allowing to determine the total number of leaves and the potential size of the panicle.
The sorghum shoots were dried in a forced air oven at 65 ºC, until a constant weight, and ground to determine the Si contents (Korndörfer et al. 2004) . The responsiveness of the genotypes was determined by comparing the Si concentration in the fertilized treatment with that in the unfertilized one. Meanwhile, the varieties with the greatest Si concentration among those in the unfertilized treatment were labeled as Si efficient. A field experiment with high Si-uptake sorghum varieties was done at the Capim Branco experimental farm (18º52'55''66S, 48º20'28''21W and altitude of 820 m), in Uberlândia, in a clayey (50 % of clay) Rhodic Acrudox soil (USA 1999), with a low Si content (5.5 mg kg -1
). This naturally low Si level provided the opportunity to assess the effect of the addition of further Si to the soil, according to Korndörfer et al. (1999) . The experiment was repeated twice, with sorghum sowings in January and February 2016, 40 days apart from one another, with identical management and response evaluation. Rainfall and average temperature data were recorded for the duration of the experiment (Figure 1 ).
The selection of sorghum varieties for the field trial was based on the greenhouse experiment. Four sorghum varieties (LE268 and LE276 -among the most responsive varieties, in terms of silicon update; LE299 and LE270 -among the least responsive varieties, in terms of silicon uptake), two Si doses (0 kg ha -1 or 400 kg ha -1 ) and two sowing dates, for a total of 16 treatments, were used in the field experiment, in a randomized block design (4 genotypes x 2 Si doses x 2 sowing dates x 4 blocks).
The silicon-treated plots received Agrosilício Plus ® Agronelli (powder formulation with 10.5 % of total Si, 35 % of CaO and 10 % of MgO) at the Si dose equivalent to 400 kg ha -1
, manually incorporated into the first 20 cm of the soil using a hoe. Treatments with no Si fertilization received dolomitic limestone Ercal ® (37-38 % of CaO and 8-10 % of MgO) to equilibrate the amounts of Ca and Mg, using the same amounts (3,809 kg ha -1 ) of lime and Agrosilício, in both situations.
The plots (area of 10.0 m 2 ) consisted of four 5-m long rows, with the two central rows being used for observations, disregarding the 0.5 m sections at the ends of each row. The four sorghum genotypes selected for the field trials were sown at 30 days after the application of soil treatments, with rows spaced 0.5 m apart, leaving five plants per meter after thinning, for a population of 100,000 plants per hectare.
Fertilization (at planting and later as sidedressing) was done according to Santos et al. (2014a) . Weeds were controlled before sowing with glyphosate, at pre-emergence with atrazine applied in the furrow at the time of sowing, and during the cropping cycle by hoeing. No insecticides or fungicides were applied.
One flag leaf from each of the six plants from each genotype was collected at full flowering (50 % of panicles with open flowers) to determine the Si concentration, using the same methodology used in the greenhouse experiment.
When the grain reached the physiological maturity, about 110-115 days after sowing, the plant height (cm) and plant lodging (%), along with anthracnose incidence (C. sublineolum), were evaluated, based on a severity rating scale using a visual evaluation with 1 = 0-3 %; 2 = 3-6 %; 3 = 6-12 %; 4 = 12-25 %; and 5 = 25-50 % of the leaf area being diseased (Horsfall & Barratt 1945) . The panicles of 10 plants in the sampled area were collected at random to estimate the grain yield, and all the plants in the sampled area were harvested and weighed to estimate the fresh matter production. Subsequently, plants were shredded, and a sample was collected and dried in an oven, to estimate the dry matter. The normality of residues was confirmed by the Shapiro-Wilk's test (p = 0.01) and the homogeneity of variances by the Levene's test (p = 0.05). For the greenhouse experiment, data on Si concentration were analyzed with two-way Anova, considering the sorghum genotypes, the presence or absence of Si and their interaction as independent variables, with three replications of each treatment. The Si concentration in the plants among the genotypes was grouped by the Scott-Knott test (p = 0.05).
For the field experiment, the Si concentration in the flag leaf, plant height, lodging percentage, anthracnose severity ratings, grain yield and fresh and dry matter of the field grown sorghum were analyzed by three-way Anova (conjoint analysis), considering the sorghum genotypes, the presence or absence of Si, the sowing date and their interactions as independent variables. Whenever significant effects were observed, the averages of specific treatments were compared by the Tukey test (p = 0.05).
RESULTS AND DISCUSSION
A significant interaction was found between genotype and soil Si application for the concentration of Si in the dry biomass of sorghum plants in the greenhouse. The genotypes LE296, LE280, LE277, LE272 and IPA46742 were more efficient in Si uptake than LE294, LE299, LE300, LE270, LE268 and LE276, reaching the highest Si content when the soil was not fertilized with this element (Table 1) . Out of the 16 genotypes evaluated, 12 were responsive to Si fertilization, having a greater Si concentration after the fertilization with this element, while four genotypes did not respond to the Si fertilization (Table 1) . Among the responsive genotypes, LE284, LE277, LE263, LE268, LE276 and LE303 accumulated more Si after fertilization (Table 1) .
Ten genotypes (LE284, LE296, LE280, LE277, LE272, IPA46742, CF15, LE263, LE271 and LE303) with no fertilization, and all the 16 genotypes after fertilization, accumulated Si in concentrations above 1 % of the plant dry biomass, agreeing with what was expected for plants classified as Si accumulators (Ma & Takahashi 2002) and with other studies with sorghum (Lux et al. 2002 , Hattori et al. 2005 , Resende et al. 2009 , Ahmed et al. 2014 .
It is known that the Si concentration varies among genotypes within a given species, although, in general, such variation is not as pronounced as that between species (Deren 2001 , Lux et al. 2002 , Ma & Takahashi 2002 , Hodson et al. 2005 , Ahmed et al. 2014 . Four genotypes were selected for the field experiment among those that were responsive to Si addition, two that most accumulated Si (LE268 and LE276) and two that least accumulated Si (LE299 and LE270) .
No interactions were observed among the genotype, Si application rate or sowing date for the Si content in sorghum leaves in the field experiment. However, the soil fertilization with 400 kg ha -1 of Si resulted in a greater concentration of leaf Si than in plants in unfertilized treatment plots, and a greater leaf Si concentration in sorghum was also detected * Averages followed by different capital letters in the columns and lower case in the rows are different by the Scott-Knott (p = 0.05) and F (p = 0.05) tests, respectively. CV = coefficient of variation. from the first sowing date than in sorghum from the second one (Table 2 ). All four genotypes evaluated in the field were responsive to Si fertilization, and their leaf Si concentrations did not differ significantly from each other at harvest (Table 2) . Thus, they did not maintain the pattern of the two most (LE268 and LE276) and the two least (LE299 and LE270) responsive ones, as observed in the greenhouse. The average leaf Si concentration was less than 1 %, corroborating the results of Moraes & Carvalho (2002) and Santos et al. (2014b) . However, it was smaller than that found in the greenhouse with no Si fertilization. Silicon is retained (adsorbed) by iron and aluminum oxides in the clay fraction of the soil (Obihara & Russel 1972) ; thus, less Si absorption was observed in field-grown plants than in the greenhouse, since the field plants were grown in a clayey soil. Moreover, water is fundamental for fertilizer solubilization (Calonego et al. 2012) , and the constant water availability and the high solubility of the Si source used in the greenhouse also may explain the greater absorption of this element in the greenhouse than in the field.
The percentage of lodged plants was smaller after the application of 400 kg ha -1 of Si than in the non-fertilized treatment (Table 3) . A significant interaction was found between Si fertilization and genotype for plant height, and soil Si fertilization increased the average height only in LE299, in comparison with the non-fertilized treatment.
* Averages followed by different capital letters in the rows and lower case in the columns are different by the F (p = 0.05) and Tukey (p = 0.05) tests, respectively. Table 3 . Averages (± standard error) of the first and second sowing dates for lodging, plant height and anthracnose severity, for sorghum genotypes with or without silicon (Si) field application. The genotype with the greatest height in both Si treatments was LE276, while that with the least height was LE268 (Table 3) . The average rating for anthracnose severity was lower in Si-treated plants than in those with no fertilization (Table 3) , suggesting the occurrence of Si-induced resistance in sorghum plants against anthracnose. Regardless of the genotype evaluated, the disease severity rating decreased in plants fertilized with Si. Silicon is known for inducing resistance against abiotic and biotic stresses (Epstein 1999) , including some economically important diseases in rice, wheat, barley, rye, maize, cucumber, grape and strawberry, that can be effectively controlled by fertilizing plants with Si (Datnoff et al. 2007) . Silicon absorption by susceptible cultivars may increase the resistance level to that of a resistant one grown with no Si fertilization, resulting in a similar control of leaf lesions (Kim et al. 2002 , Resende et al. 2009 ). Increasing Si doses in a resistant sorghum genotype and another susceptible genotype to anthracnose demonstrated by disease severity ratings the effect of Si in reducing the disease severity for both genotypes (Santos et al. 2014b) , similarly to what was observed in the present study.
There were significant differences in the disease rating with sowing date and genotypes, with no interaction between the factors. Disease severity ratings for the first sowing date (2.35 ± 0.15) were smaller (p < 0.05) than for the second date (3.25 ± 0.11). LE276 (1.99 ± 0.22) presented the lowest anthracnose severity rating, followed by LE299 (2.94 ± 0.17) and LE270 (2.81 ± 0.16), which were intermediate, while LE268 (3.44 ± 0.13) had the greatest disease severity (p < 0.05), regardless of the Si dose and sowing date.
No effect of Si fertilization was found in the plant fresh and dry matter and sorghum grain yield. The average plant height, fresh and dry matter, and grain yield were greater for the first sowing date than for the second one, for all the four genotypes (p < 0.05). Regardless of the sowing date, the plant height and fresh and dry matter were the greatest for LE276 and the least for LE268, while LE299 and LE270, in general, presented intermediate values. However, differences in grain yield were observed only for the first sowing date, with LE276 having the greatest yield, while LE270 was the least productive, and LE268 and LE299 had intermediate values. Yield for the second date was greatly reduced by drought (to less than 10 % of the yield from the first date), and consequently all the genotypes performed similarly (Table 4) .
The Si accumulation also affects the plant structure, increasing the tissue structure firmness, reducing lodging and plant breaking, besides contributing to a greater crop yield (Epstein 1999 , Korndörfer & Lepsch 2001 , Hattori et al. 2005 , Ahmed et al. 2014 , Manivannan & Ahn 2017 . A reduction in the percentage of lodged sorghum plants was observed in the soil fertilized with Si. Only the genotype LE299 was responsive to Si fertilization, in terms of plant height, presenting shorter plants when this element was not supplied (Table 3) . However, in this study, the Si fertilization did not contribute to increases in the fresh and dry matter, nor in grain yield.
The severe water stress endured by plants sown on the second date ( Figure 1 ) was reflected on a reduction in plant height, fresh and dry matter in all the four genotypes, if compared to the first date. Moreover, there was a greater lodging and anthracnose severity, which compounded with the other variables to reduce the grain yield, in relation to the first sowing date (Table 4) .
The Si mitigation of the water stress on sorghum was expected, what should result in a greater crop yield, since such an effect on sorghum had been previously reported (Hattori et al. 2005 and 2008 , Sonobe et al. 2009 ). However, in the second sowing date, the water stress was so severe that no positive * Averages followed by different capital letters in the rows and lower case in the columns are different by the F (p = 0.05) and Tukey (p = 0.05) tests, respectively. 4.75 ± 0.25 bA 0.45 ± 0.10 aB Table 4 . Averages (± standard error) of fresh matter, dry matter and grain yield for sorghum genotypes in the first and second sowing dates in the field.
effects of Si on sorghum were detected, suggesting that such effects can be observed only to a given limit within which plants can still perform their metabolic activities. Another possibility is that there was no sufficient Si content in the plant tissue to induce an anti-stress effect. Although the first sowing did not suffer such a severe water stress and the plants presented a greater leaf Si concentration (Table 2) , no effects on crop yield could be attributed to the Si addition.
CONCLUSIONS
1. Most of the sorghum genotypes assessed under greenhouse conditions are responsive and accumulate more silicon when fertilized with this element. Responsive genotypes in the greenhouse are also responsive in the field; 2. Silicon addition induces resistance to anthracnose in sorghum, regardless of the sowing date; 3. Fertilization with silicon do not influence grain yield, nor fresh and dry matter in sorghum; however, it reduces plant lodging.
